Streptococcus agalactiae (group B Streptococcus
) is one of the most common causes of invasive infections in human neonates. The principle clinical manifestations of GBS infections in neonates include pneumonia, sepsis, and meningitis. Recently, GBS has emerged as an increasingly common cause of infections in elderly or immunocompromised nonpregnant adults (1, 18) . A common theme underlying GBS pathogenesis involves the ability of the organism to evade phagocytic cells, a key host defense mechanism against the bacterium. Early studies demonstrated a delay in the influx of neutrophils to infection sites (22) ; this delay may give GBS an opportunity to replicate to high densities and subsequently overwhelm the host defense.
Several virulence factors from streptococci belong to the multidomain cell envelope protease (CEP) family, a diverse family of extracellular proteases that also includes caseinases from lactococcal species (4, 8, 13, 14, 24, 25) . The prototype of streptococcal CEPs is the C5a peptidase, which specifically cleaves the neutrophil chemotactic factor C5a (2-4). The crystal structure of the GBS C5a peptidase has been reported, shedding new light on the structure and function of this important CEP (4) . A novel CEP (SpyCEP, also known as ScpC) produced by Streptococcus pyogenes (group A Streptococcus [GAS] ) is an important virulence factor that has the ability to proteolyse many human and murine CXC chemokines, including interleukin-8 (IL-8) (8, 14, 27, 29) . This serine protease allows GAS to evade the immune system by disrupting the abilities of chemokines to stimulate the activation and chemotaxis of neutrophils (8) and diminishing the formation of neutrophil extracellular traps (29) . In relation to noninvasive isolates, invasive GAS isolates produce high levels of SpyCEP/ ScpC, and this protease has been implicated in necrotizing fasciitis (8) . A Streptococcus iniae homolog of SpyCEP/ScpC (CepI) has recently been identified; it also cleaves IL-8 and contributes to virulence (29) . Harris et al. described a putative GBS CEP encoded by the cspA gene (13) . The inactivation of cspA decreased GBS virulence in a neonatal rat model of sepsis and diminished the capacity of GBS to resist opsonophagocytic killing by neutrophils. The cspA mutant, in contrast to the wild-type (wt) strain, was unable to cleave fibrinogen. This study provided strong evidence that cspA encodes a protease that can cleave fibrinogen.
Here, we have purified CspA and examined its biochemical properties. Our findings revealed that in addition to cleaving fibrinogen, CspA cleaves and inactivates a number of CXC chemokines that act on neutrophils. We have also identified the putative catalytic residues of CspA and assessed their role in the processing of the protease.
putative cell wall anchor in order to facilitate the isolation of the encoded protein from culture supernatants (23) . Mutated cspA alleles were constructed with the QuikChange site-directed mutagenesis kit as recommended by the manufacturer (Stratagene). Plasmid pJB101 (23) (see Table 1 for a description of plasmids) was used as a template for PCR with the oligonucleotides 5ЈGATATGATGAG TGGGACAGCTATGGCTTCTCCCCATGTCGCTGG3Ј and 5ЈCCAGCGAC ATGGGGAGAAGCCATAGCTGTCCCACTCATCATATC3Ј to generate a cspA allele encoding the S575A variant (pJB103) and the oligonucleotides 5ЈG GAACTGTTGTAGCAATTATTGCCTCAGGACTAGATACCAATCAC3Ј and 5ЈGTGATTGGTATCTAGTCCTGAGGCAATAATTGCTACAACAGTT CC3Ј to generate a cspA allele encoding the D180A variant (pJB104). LA Taq polymerase (Takara) was utilized in the reactions. The E. coli CopyCutter strain (Epicentre) was transformed with pJB103 and pJB104, resulting in E. coli strains JDB1 and JDB2, respectively. The pJB103 and pJB104 inserts were sequenced to ensure that the desired mutations were present and that no spurious mutations were introduced during PCR amplification. All DNA sequencing was performed at the Arizona State University sequencing facility. These cspA-bearing inserts were liberated by treatment with NcoI and SphI and ligated to NcoI/SphI-cut pMSP3545, generating pJB105 (S575A variant) and pJB106 (D180A variant). L. lactis strain MG1363 (11) was transformed with pJB105 and pJB106, resulting in strains DSL103 (S575A variant; pJB105) and DSL104 (D180A variant; pJB106). pJB107 was constructed by digesting pJB103 with HindIII and ligating the liberated 1.4-kb insert to similarly cut pHY304, a derivative of pVE6007 (15) with an erythromycin resistance gene.
Allelic exchange mutagenesis for GBS cspA. Allelic exchange was conducted in a manner similar to that used previously to generate nonpolar mutations in the GBS capsule operon (6) . The wt cspA chromosomal allele was replaced with the allele encoding the S575A variant of CspA. Plasmid pJB107 was introduced into GBS strain COH1 by electroporation, and the resulting strain (DS108) was cultured at 30°C in the presence of erythromycin. Cells harboring pJB107 were shifted to 37°C in the presence of erythromycin to select for the chromosomal integration of pJB107. Integration was confirmed by the isolation of chromosomal DNA and subsequent PCR. A single isolate with the integrated plasmid was chosen and passaged five times in the absence of erythromycin at 30°C. The resulting strain was then cured of the plasmid by passage at 37°C. Colonies sensitive to erythromycin were then tested for their abilities to degrade human fibrinogen. A colony that lacked the ability to degrade fibrinogen was identified; chromosomal DNA was isolated from this colony and used as a template for PCR, and the presence of the desired mutation was verified by DNA sequencing. The resulting strain was designated DS107.
Heterologous expression of CspA and variants. CspA production in L. lactis has been described previously and utilizes a nisin-inducible expression system and a cspA allele bearing a deletion of the region that encodes the putative cell wall anchor. Briefly, 100 g/ml nisin was added to DSL102, DSL103, and DSL104 cultures to induce the production of the wt and variant CspA proteins. L. lactis secreted CspA into the supernatants, which were harvested and concentrated.
N-terminal sequencing and MALDI-TOF. Lactococcal culture supernatants from strains DSL102, DSL103, and DSL104 were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electroblotted onto polyvinylidene difluoride membranes using 1ϫ CAPS [3-(cyclohexylamino)-1-propanesulfonic acid]-10% methanol buffer, and stained with Coomassie blue. The bands corresponding to CspA were excised, and N-terminal sequencing was performed at the Columbia University protein core facility. In preparation for matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis of CspA, SDS-PAGE analyses of samples were conducted; the gels were stained with Coomassie blue, and the CspA-containing gel slices were excised and sent to the Columbia University protein core facility. The masses of peptides identified by MALDI-TOF were compared to peptide masses predicted from the published CspA sequence for identification.
Purification of CspA. CspA-containing culture supernatant was concentrated 500-fold using a stirred ultrafiltration cell (Amicon) and a regenerated cellulose membrane with a 50-kDa cutoff. This concentrated medium was then diluted 10-fold in 25 mM MOPS (morpholinepropanesulfonic acid; pH 7.4)-10% glycerol (buffer A). Chromatography was performed using a ceramic hydroxyapatite type I 80-m-particle-size column (2.5 cm in diameter by 7.6 cm in height; Bio-Rad) equilibrated with buffer A and coupled to a BioLogic LP low-pressure liquid chromatography system (Bio-Rad). The ceramic hydroxyapatite column was then washed with 25 mM MOPS (pH 7.4)-10% glycerol-1 M NaCl. CspA was eluted from the column with a 30-column-volume linear gradient of 0 to 100% 500 mM phosphate in buffer A. CspA eluted at approximately 310 mM phosphate. The separation of CspA from a peak of UV-absorbing, nonproteinaceous material was apparent based on inspection of the chromatogram. CspAcontaining fractions were identified using fibrinogen cleavage activity assays and SDS-PAGE, pooled, and concentrated with a 50-kDa-cutoff centrifugal ultrafiltration device (Amicon). This material was diluted 10-fold in 20 mM Tris (pH 7.4)-10% glycerol (buffer C). Chromatography was performed using a Mono Q 4.6/100PE anion exchange column (GE Healthcare) coupled to an AKTApurifier high-performance liquid chromatography system (GE Healthcare). CspA was eluted from the column with a 40-column-volume linear gradient of 0 to 1 M NaCl in buffer C. CspA-containing fractions were identified using activity assays and SDS-PAGE. Again, the separation of CspA from media containing nonproteinaceous, UV-absorbing material was apparent from the examination of the chromatogram, SDS-PAGE, and UV absorbance during the chromatography. CspA-containing fractions were pooled and concentrated 10-fold, giving a final volume of 1 ml. One unit of CspA was defined as the smallest amount of CspA having the activity required to cleave 1 pmol of the fibrinogen ␣ subunit in 1 min. The yield of the procedure was 0.33 mg of CspA from 1 liter of supernatant harvested from an L. lactis culture (final optical density at 600 nm [OD 600 ] of 1.5). The final specific activity of purified CspA was equivalent to the cleavage of 92.1 mol of the fibrinogen ␣ subunit per g of protein.
The purification resulted in a 3.34-fold overall increase in CspA specific activity and 26% recovery of CspA activity. UV-absorbing material from culture medium supernatants that was not observable on SDS-PAGE gels was also eliminated during the purification process (data not shown). Protein, proteolysis, and peptidase assays. Total protein was assayed using the Bio-Rad dye-binding assay. For proteolysis/peptidase assays using purified CspA, 54 U of purified CspA was added to 2 g of recombinant human chemokine (Peprotech) in a total volume of 10 l. This mixture was incubated for 1 h at 37°C. The entire reaction mixture was then analyzed by Tris-Tricine-SDS-PAGE (13.5 or 20% acrylamide) (21) . For the proteolysis of fibrinogen, 7 g of purified human fibrinogen (Enzyme Research Laboratories) was mixed with 14 U of purified protease in a total volume of 10 l. This mixture was incubated at 37°C for 3 min and then analyzed by SDS-PAGE (10% acrylamide).
For proteolysis/peptidase assays using whole GBS cells, a 50-ml sample from a GBS culture was cultivated in 80% Todd-Hewitt broth-20% fetal bovine serum (HyClone) to an OD 600 of 0.3. Cells were then harvested by centrifugation, washed twice in phosphate-buffered saline (PBS; Gibco), and resuspended in 50 l of PBS. Five micrograms of recombinant human chemokine (Peprotech) and 50 l of a GBS suspension in PBS were incubated for 16 h at 37°C with mixing. GBS cells were then removed by centrifugation. Twenty microliters of supernatant was analyzed by Tris-Tricine-PAGE (13.5% acrylamide) and Coomassie blue staining. The proteolysis of fibrinogen was conducted as described previously (23) .
Proteolysis/peptidase assays with CspA-containing lactococcal media were conducted as described previously (23), except that in place of fibrinogen, 2 l of concentrated medium was incubated with 2 g of chemokine for 1 h. TrisTricine-PAGE (13.5% acrylamide) was conducted as described above. Fibrinogen and CspA self-proteolysis assays were conducted as described previously (23) .
Isolation of human neutrophils. Blood was collected from healthy donors after informed consent as approved by the instructional review board at Louisiana State University Health Sciences Center in Shreveport. The freshly collected blood was added to a heparin-dextran-NaCl solution. Erythrocytes were allowed to sediment for 1 h at 25°C. The neutrophil-rich top layer was extracted and placed on ice. Cells were then centrifuged at low speed and resuspended in a cold hypotonic solution for 30 s to lyse any remaining erythrocytes. The solution was then immediately made isotonic. Cells were harvested by centrifugation again, washed twice, and resuspended in Eagle's minimal essential medium (Cambrex). The number of recovered neutrophils was determined by staining a sample of recovered Eagle's minimal essential medium with trypan blue and counting with a hemacytometer.
Chemotaxis assays. Recombinant human CXC chemokines (Peprotech) were either treated with purified CspA or mock treated and added to the bottom well of a QCM 3-m cell migration assay kit (Chemicon International). Aliquots of freshly isolated human neutrophils (10 5 ) were added to the top wells. The assay plates were incubated for 1 h at 37°C and 5% CO 2 in a humidified cell culture incubator (Forma). Neutrophils in the bottom chamber were lysed by adding lysis-fluorescence buffer as directed by the manufacturer (Chemicon International). Fluorescence was quantified with a 96-well plate reader using a 480-and 520-nm filter set (BMG Labtech). The number of migrated neutrophils was determined by using a standard curve. Three technical replicates (three wells) for each chemokine were examined, and each experiment was performed at least three times.
Neutrophil activation assays. Neutrophil activation was quantified by elastase release assays. Cytochalasin B (Sigma-Aldrich) was added to freshly isolated human neutrophils to a concentration of 5 g/ml, and the mixture was incubated at 25°C for 10 min. The neutrophils were then added to a mixture of either mock-treated or CspA-treated CXC chemokines and the colorimetric elastase substrate N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (Sigma-Aldrich). Absorbance at 405 nm was monitored by a 96-well plate reader (BMG Labtech). Three technical replicates for each chemokine were performed, and each experiment was repeated at least three times.
RESULTS
Purification of CspA. We recently reported the development of a system for expressing recombinant CspA in a functional form by using L. lactis. The system utilizes a recombinant allele of cspA lacking the region that encodes the putative cell wall anchor and employs a nisin-inducible promoter (23) . Concentrated culture supernatant harvested from the strain expressing the recombinant cspA allele was free of contaminants visible on Coomassie blue-stained SDS-PAGE gels (23) (Fig. 1A) and was used as starting material for the purification of CspA.
Contaminants not visible on SDS gels (i.e., medium components) were removed via hydroxyapatite and anion exchange chromatography. The recovery of catalytic activity was assessed by fibrinogen cleavage assays. CspA with a 3.3-fold increase in specific activity was obtained, and 26% of activity was recovered. The purified protein was free of detectable contaminants (Fig. 1B) . As described below, purified CspA exhibited the same catalytic activities as did whole GBS cells and CspAenriched L. lactis media.
Residues in the predicted active site of CspA are necessary for catalytic activity. The catalytic triad of serine proteases (His, Asp, and Ser), a distinguishing characteristic of proteins in the CEP family, was identified by aligning the predicted amino acid sequences of CspA and other members of the CEP family (24) . We used site-directed mutagenesis to engineer recombinant variants of CspA. S575A and D180A variants of CspA and wt CspA were expressed in parallel and recovered from L. lactis growth medium supernatants. Figure 1A depicts a Coomassie blue-stained SDS-PAGE gel with the harvested L. lactis growth media; single bands from the harvested media are apparent, indicating that each protein was intact.
The catalytic activities of the proteins were examined by incubating equivalent amounts of concentrated growth media from the three strains with fibrinogen. The cleavage of fibrinogen was evaluated by SDS-PAGE ( Fig. 2A) . When the proteins were expressed in L. lactis, wt CspA (in the media and in purified form) cleaved fibrinogen but the variant proteins did not. These results indicate that S575 and D180 are essential for the full activity of CspA.
The experiments described above demonstrated that the S575 and D180 residues of heterologously expressed CspA are required for the cleavage of fibrinogen. An important question to address was whether the putative catalytic serine residue (S575) is necessary for CspA activity in the context of GBS cells. As CspA is a surface-localized protein, the activity of this enzyme can be readily examined without disrupting cells (13) . Allelic exchange mutagenesis was performed, replacing the wt chromosomal cspA gene with an allele encoding the S575A CspA variant. The fibrinolytic activity of the resulting GBS strain (DS107) was compared with that of the wt. The mutant failed to cleave fibrinogen, while the wt strain displayed fibrinolytic activity (Fig. 2B) . N-and C-terminal processing of CspA requires its putative active site residues. The N terminus of heterologously expressed CspA recovered from L. lactis supernatants is an asparagine residue at position 152 (23) , and the propeptide (PRO) domains of other CEPs end at similar positions (e.g., between ϳ101 and 192) (24) . Therefore, we hypothesized that CspA has a PRO domain and that the protease autocatalyzes the removal of its PRO domain. The catalytically inactive CspA variant proteins were electrophoresed and analyzed via N-terminal sequencing and MALDI-TOF mass spectrometry. These analyses revealed that the N-terminal sequences of both the CspA S575A and D180A variants were 45 DSVINK. In contrast, as previously reported (23) , the N terminus of the wt CspA was 152 NIDSNK. Taken together, these results indicate that during processing, CspA cleaves itself between Q151 and N152 and that this activity depends on the S575 and D180 putative catalytic site residues.
Next, we examined the C-terminal processing of CspA. The incubation of heterologously expressed wt CspA at 37°C resulted in a shift to a lower apparent molecular mass (Fig. 1A) . Previously, we used MALDI-TOF analysis to demonstrate that this shift results from cleavage near the C terminus (23). This shift was not observed when CspA was incubated at 4 or 25°C, suggesting that the event is catalytic in nature. We hypothesized that this shift was due to CspA autocatalysis. We incubated heterologously expressed wt CspA, S575A CspA, and D180A CspA at 4 and 37°C for 4 h and analyzed the resulting reaction mixture via SDS-PAGE (Fig. 1A) . After incubation at 4°C, all proteins migrated to positions that were consistent with their predicted molecular masses. The variants migrated to positions corresponding to slightly higher molecular masses than the wt protein, consistent with the presence of an uncleaved N-terminal PRO sequence (see above). The incubation of the variant proteins at 37°C had no effect on the positions to which they migrated on gels. In contrast, after incubation at 37°C, wt CspA shifted to a lower apparent molecular mass, as we have reported previously (23) . Taken together, these results indicate that the cleavage of the C terminus of CspA is an autocatalytic event that is dependent on S575 and D180.
Previous studies using whole cells of wt GBS and an isogenic cspA mutant (13) indicated that a very limited range of proteins are cleaved by CspA, suggesting a certain degree of substrate specificity. We examined purified CspA for the ability to cleave an additional panel of potential substrates ( Table 2 ). The molecular masses of the test substrates ranged from 4.3 kDa for peptides to 75 kDa for proteins. By incubating the test substrates with purified CspA, conducting SDS-PAGE, and examining the stained gels for shifts in the migration positions of test substrates, we found that only fibrinogen and certain CXC chemokines (see below) were cleaved by CspA. It remains a possibility, however, that some other test molecules were cleaved at the extreme C or N terminus, resulting in a change in molecular mass that could not be detected by our SDS-PAGE analysis.
CXC chemokines are cleaved by CspA. Next, we found that CXC chemokines but not CC chemokines are cleaved by purified CspA. Purified CspA was incubated with the following CXC and CC chemokines: GRO-␣, GRO-␤, GRO-␥, neutrophil-activating peptide 2 (NAP-2), granulocyte chemotactic protein 2 (GCP-2), IL-8, RANTES (regulated on activation, normal T cell expressed and secreted), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1␣ (MIP-1␣), and hemofiltrate CC chemokine 1 (HCC-1). The CC chemokines RANTES (Fig. 3A) and MCP-1, MIP-1␣, and HCC-1 (data not shown) were not cleaved by CspA. However, the CXC chemokines GRO-␣, GRO-␤, GRO-␥, NAP-2, and GCP-2 were cleaved by CspA. In fact, inspection of the TrisTricine-SDS gels revealed that no Coomassie blue-staining material was detectable, consistent with the CXC chemokines' being cleaved into fragments too small to observe on the gels. Interestingly, incubation of the CXC chemokine IL-8 with CspA resulted in no mobility shift (Fig. 3A and B) . Preliminary MALDI-TOF analysis of CspA-treated IL-8 indicated that the chemokine was intact (J. Bryan and D. Shelver, unpublished observations). Taken together, these results indicate that CspA, in addition to having proteolytic activity toward fibrinogen, cleaves many of the CXC chemokines but does not cleave CC chemokines.
GBS cleaves CXC chemokines, and cleavage depends on CspA residues S575 and D180. We then examined whether the putative active site residues identified above are necessary for CspA-mediated chemokine cleavage. We tested medium supernatants containing L. lactis-expressed wt and active site variants of CspA for the ability to cleave chemokines. In separate experiments, we evaluated the effect of the analogous GBS cspA(S575A) chromosomal mutation on GBS whole cellmediated chemokine cleavage. The same panel of chemokines (GRO-␣, GRO-␤, GRO-␥, NAP-2, GCP-2, IL-8, and RANTES) tested as described above with purified wt CspA was evaluated in these experiments. After incubation with either wt GBS cells or L. lactis-expressed wt CspA, bands corresponding to GRO-␣, GRO-␤, GRO-␥, NAP-2, and GCP-2 disappeared from gels ( Fig.   3 ) while those corresponding to IL-8 and RANTES remained and migrated at the same apparent molecular masses as those corresponding to the untreated chemokines. In contrast, CspA active site variants, in the contexts of both heterologously expressed CspA and whole GBS cells, failed to cleave GRO-␣, GRO-␤, GRO-␥, NAP-2, and GCP-2. Taken together, these results indicate that CspA is responsible for chemokine cleavage by GBS and that S575 and D180 are necessary for CspAmediated proteolysis of CXC chemokines. The results obtained with whole GBS cells and heterologously expressed CspA were in concordance.
CspA eliminates the ability of CXC chemokines to induce chemotaxis by human neutrophils in vitro. We hypothesized that the proteolysis of CXC chemokines would abolish their biological activities. One important function of certain CXC chemokines is to attract neutrophils to infection sites. NAP-2, GCP-2, and GRO-␥ were chosen as representative CspA substrates for neutrophil chemotaxis assays. IL-8 was also tested, since SDS-PAGE analysis indicated that CspA did not appear to cleave this chemokine. The chemotaxis of neutrophils toward mock-or CspA-treated chemokines was examined using commercial Boyden-type chamber kits (Chemicon). Our results, depicted in Fig. 4A , showed that neutrophils migrated by chemotaxis toward mock-treated chemokines but that treatment with purified CspA abolished the neutrophil-attracting activities of NAP-2, GCP-2, and GRO-␥. In contrast, the treatment of IL-8 with CspA did not affect neutrophil chemotaxis, consistent with our finding that IL-8 was not cleaved by CspA.
CspA inhibits neutrophil activation by GRO-␥, GCP-2, and NAP-2. In addition to attracting neutrophils, CXC chemokines activate the bactericidal activity of neutrophils. Since CspA cleaves many CXC chemokines, we hypothesized that the treatment of chemokines with CspA would inhibit the neutrophil-activating abilities of chemokines. Neutrophil activation was assessed via elastase release assays. To determine if CspA rendered GRO-␥, GCP-2, and NAP-2 unable to activate neutrophils, the chemokines were either mock treated or treated with CspA. Elastase secretion increased in a dose-dependent manner with GRO-␥, GCP-2, and NAP-2 stimulation. However, CspA-treated GRO-␥, GCP-2, and NAP-2 failed to stimulate the secretion of elastase (Fig. 4B) . Thus, in addition to abolishing the neutrophil-attracting activities of GRO-␥, GCP-2, and NAP-2, CspA eliminates the abilities of these chemokines to activate neutrophils.
DISCUSSION
In this study, we identified the catalytic site residues of CspA and examined the involvement of the residues in the selfprocessing of the protease and the cleavage of exogenous substrates. We also identified CXC chemokines as substrates of CspA and determined the effects of CspA-mediated chemokine cleavage on the function of neutrophils. The CspA purification scheme developed in this study will facilitate further studies on the structure and function of CspA and the relationship of this protein to GBS pathogenesis.
Identification of the CspA SS, PRO domain, and catalytic residues. Residues 1 to 44 appear to constitute the predicted CspA signal sequence (SS) (23, 24) ; our findings provide further support for this prediction, as the SS was removed in an active site-independent manner. We propose that residues 45 to 151 constitute the CspA PRO domain. PRO domains of CEPs are believed to preclude the catalysis of exogenous substrates before removal. A previous bioinformatics study predicted a CspA PRO domain (24) , but the assignment was tentative as the sequence does not resemble other CEP PRO sequences. Together with the results from our previous study (23) , our present findings support the existence of a CspA PRO domain, as the removal of the putative PRO sequence occurred in an active site-dependent manner, consistent with the mechanism utilized by other CEPs. A model for the processing of CspA is presented in Fig. 5 .
Our results indicate that CspA is a serine protease with D180 and S575 as catalytic site residues. Studies using sequence alignments (24) and protease inhibitors (23) suggested that CspA is a serine protease. Our present work provides strong experimental support for these predictions.
C-terminal autocatalytic cleavage of CspA. The C-terminal cleavage of L. lactis-expressed CspA occurred in an active site-dependent manner, and it may be speculated that this activity can release the protein from GBS. PrtP, a CEP of L. lactis, has the ability to autocatalytically release itself from the cell (12) . SpyCEP/ScpC localizes either to the cell surface or to culture supernatants, depending upon the strain background (27) , but its release mechanism has not been determined. Cterminal proteolysis has been proposed as a release mechanism (8); alternative release mechanisms involving the cell-anchoring system have also been suggested previously (8, 27) . The complementary findings from the studies of SpyCEP/ScpC and CspA make it tempting to speculate that autocatalysis may function for both proteins. The experiments we performed demonstrating C-terminal autocatalytic cleavage utilized L. lactis-expressed CspA lacking its putative cell wall anchor region. Due to technical barriers, including the lack of a suitable antibody, we have not yet determined if full-length, native GBS CspA undergoes autocatalysis and if this process leads to release from the cell in an active form.
Chemokine cleavage and its role in GBS pathogenesis. The cleavage of chemokines by GBS has not been reported previously. A critical time window in which the neonate has the opportunity to clear GBS may exist, and delays in neutrophil recruitment may favor infection. In addition to numerous other factors, S. pyogenes avoids phagocytes by utilizing two distinct CEPs, a chemokine-cleaving CEP (SpyCEP/ScpC) and a C5a-cleaving CEP (ScpA). GBS may utilize CspA in addition to its C5a protease to avoid or delay neutrophil attraction and activation.
Human cells respond to pathogens, including GBS (7), by secreting a variety of neutrophil-attracting CXC chemokines. It remains unclear why the immune system utilizes such a large number of chemokines that act on neutrophils. A recent review article (20) noted that chemokines may be a "language" the immune system uses to orchestrate a response to different infections. The specific chemokines utilized and their deployment patterns may depend upon the location and stage of the infection, among other factors. A study utilizing an IL-8-expressing mouse transgene showed that even in the presence of elevated IL-8 levels in plasma, the local recruitment of neutrophils is increased due to other chemokines (19) . The activity of CspA observed in our study may suggest that GBS faces situations in which the elimination of chemokines other than IL-8 is important. ] , 10, 100, and 1,000 nM) of CspA-treated or mock-treated GRO-␥, GCP-2, NAP-2, and IL-8 were conducted using a commercial Boyden-type chamber fitted with a porous membrane (3-m pore size) according to the recommendations of the manufacturer (Chemicon). Cells present in the lower chamber at the conclusion of the assay were quantitated per the manufacturer's instructions. The experiment was repeated at least three times, and results from a representative experiment are shown. The shaded bars represent the mean numbers of cells in three replicate wells in the lower chamber, and the error bars represent the standard deviations of the means. (B) Elastase release from human neutrophils was used as a measure of neutrophil activation after incubation with CspA-treated or mock-treated GRO-␥, GCP-2, and NAP-2 (at 10, 100, and 1,000 nM). Released elastase was assayed using the elastase substrate N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide by monitoring at 405 nm. All values were normalized to those for untreated cells. The shaded bars represent the means of results for at least three replicates. Error bars represent the standard deviations of the means. The experiment was repeated at least three times, and results from a representative experiment are depicted.
work and the work of Harris et al. (13) . CXC chemokines have very similar three-dimensional structures but share limited amino acid identity. Thus, it is possible that a common structural motif present on the chemokines mediates binding or entry to the CspA active site. Substrate recognition may also trigger a conformational change in the protease that allows the catalytic site to gain access to the substrate. A structure-based recognition mechanism for the chemokine-cleaving protease SpyCEP/ScpC has been suggested previously (8) , and a conformational change induced by binding to integrins has been discussed as a potential mechanism that facilitates the access of the C5a peptidase catalytic site to its substrate (4) .
Chemokine substrates of CspA appear to be cleaved into small fragments; results from preliminary MALDI-TOF analysis are consistent with this observation (Bryan and Shelver, unpublished) . Though its cleavage site preferences have not yet been defined, CspA may cleave substrates between a variety of amino acids. In the models described above, substrate recognition would be relatively specific, but once accessible to the catalytic site, substrates would undergo rather nonspecific cleavage. Surprisingly, CspA did not appear to cleave IL-8, even though the IL-8 structure is highly similar to that of other CspA-cleaved CXC chemokines such as GRO-␤ (28). Minor structural differences or specific amino acids in IL-8 may preclude its recognition by and entry to the CspA active site. It is unclear why CspA can cleave fibrinogen in addition to chemokines. The A␣ subunit of fibrinogen appears to be cleaved by CspA (13) . A portion of this subunit may adopt a structure that is recognized by CspA while the remainder of this large molecule is excluded from the active site.
CspA and other streptococcal chemokine-cleaving CEPs. Three streptococcal CEPs cleave CXC chemokines: CspA of GBS and SpyCEP/ScpC of GAS (8, 14, 27, 29) and CepI of S. iniae (29) . However, there appear to be a number of differences among the proteases. The inactivation of cspA reduces virulence in a GBS systemic infection model (13) , while the inactivation of the gene encoding SpyCEP/ScpC (cepA) increases virulence in a GAS systemic infection model (26) .
Though CspA and SpyCEP/ScpC have some substrates, such as GCP-2 and GRO-␣, in common (27), CspA did not appear to cleave IL-8 under the conditions we employed. Also, the two proteases seem to cleave recognized substrates in different manners. CspA appears to cleave its chemokine substrates into small fragments. In contrast, GAS SpyCEP/ScpC cleaves its chemokine substrates at a single location near the C terminus (e.g., between Q59 and R60 in IL-8 and at the analogous position between Q60 and K61 in MIP-2 [8] ), even with extended incubation (14) . However, the above comparisons are based on results obtained from separate studies; conclusions concerning the differences must be taken in this context and are thus preliminary. A future side-by-side comparative study of the two purified proteases would be valuable to comprehensively evaluate their biochemical differences and similarities.
Levels of identity shared by the streptococcal CEPs and the chromosomal locations of the chemokine protease-encoding genes may indicate that CspA is distinct from SpyCEP/ScpC and CepI. The two proteases that cleave IL-8 (SpyCEP/ScpC and S. iniae CepI [29] ) share a significantly higher level of amino acid identity with each other than either does with CspA. CepI and SpyCEP/ScpC share 55% identity, while CspA , and AN (cell wall anchor bearing the LPXTG motif). After the synthesis of the immature protein (1), the SS is recognized by the host, resulting in protein translocation across the membrane and SS removal. Subsequently, the protein is covalently anchored to the cell wall (2) via the AN domain, presumably by a host sortase-dependent mechanism (16) , and CspA catalyzes the removal (arrow) of its N-terminal PRO domain via its serine active site (3). Finally, evidence from this and previous work (23) suggests that recombinant CspA autocatalyzes its own C-terminal cleavage (arrow), which may allow the release of the protease from the cell (4).
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shares only 33 and 32% identity with SpyCEP/ScpC and CepI, respectively. In contrast, the GBS and GAS C5a peptidases, which appear to be true functional homologs, share a much higher level of identity (ϳ95%) with each other. The C5a peptidases are functionally distinct from the chemokine-cleaving proteases; these peptidases also belong to the CEP family and are ϳ30% identical to CspA, SpyCEP/ScpC, and CepI. Thus, it is not entirely surprising that CspA appears to have different biochemical properties than the other chemokinecleaving streptococcal proteases; even minor differences in the sequences of CEPs can result in divergent cleavage site preferences and substrate specificities (9) . The S. iniae cepI gene and the GAS cepA gene appear to be at conserved chromosomal locations, based on the observation that a number of genes flanking cepA share high levels of identity with genes flanking cepI (29) . Though genes that are highly similar to the cepA-and cepI-flanking genes colocalize on the GBS chromosome, no CEP-encoding gene is present in this region. Instead, cspA is located at a completely different region of the GBS chromosome and is flanked by genes distinct from those that flank cepA and cepI. In summary, we have purified CspA, demonstrated that it is a novel serine protease, and identified its catalytic site residues. The processing of the protease was shown to be dependent on the active site. It was revealed that although CspA does not cleave a large range of substrates, it inactivates a number of CXC chemokines. The necessity of cspA for full GBS virulence and the ability of CspA to inactivate chemokines suggest a mechanism by which CspA may contribute to pathogenesis.
